I. Introduction
HE ability to change the shape of a wing allows adapting it to different flight conditions. Through evolution, birds, bats, and insects have developed wings capable of dramatic and continuous morphing not only for generating the lift required to stay aloft, but also to propel themselves in the air and to perform controlled maneuvers. To a smaller extent the wings of aircraft can also achieve discrete changes of their shape by using ailerons, flaps, and slats or by modifying their sweep, dihedral, or incidence angle. Thus much research is devoted to understand and optimize more extensive types of wing morphing for improving the aircraft performance. [1] [2] [3] [4] [5] [6] However, extensive wing morphing poses significant design challenges and requires complex mechanical structures and actuators. By contrast limited but continuous morphing of a wing can be often sufficient for the needs of flight (as shown by the minimal movements of the wings of various birds in some flight conditions). At high-subsonic speed the selective displacement of an airfoil upper surface by less than 0.5 % of its chord is sufficient to introduce changes of the pressure distribution useful for tailoring the lift and drag coefficients. 7 This can be used to optimize the performance of an airfoil around a design point, for instance at cruise conditions. Asymmetric changes in the left and right wing can also be used to maneuver an aircraft without using ailerons. Larger displacements would be required at lower speed, but still within some few percent of a wing's chord. Furthermore, limited shape changes appear more feasible for actuation at high frequencies. 8 This can be exploited to actively control some undesirable phenomena of the wings like flow separation [9] [10] [11] and aeroelastic oscillations. [12] [13] [14] A major difficulty in implementing wing morphing is represented by the size, weigh, complexity, and power 15 demanded by the appropriate actuators (hydraulic, pneumatic, electric motors, or even some smart materials like shape-memory alloys). From a system-integration point of view the performance increase offered by the morphing must out-weight its associated penalties. In this respect, limited morphing is also appealing as it may offer useful aerodynamic advantages with small, light, simple, and power-saving actuators. The macro fiber composite (MFC) actuators, originally developed at NASA, belong to this category and seem promising for implementing different types of wing morphing, especially if limited shape changes are required. These thin, light, and flexible piezoelectric actuators, Fig. 1 , consist of rectangular piezo-ceramic rods sandwiched between layers of adhesive and electroded polyimide film which contains interdigitated electrodes that transfer the applied voltage directly to the rods. When embedded in a surface or attached to flexible structures, the MFCs provide distributed deflection and vibration control. They can also be used as sensors to measure the structural strain under applied loads.
Some studies have explored the use of such actuators to change or control the shape of aerodynamic bodies. Munday et al. used THUNDER actuators (a predecessor of the MFC type, also developed at NASA) to increase the lift of an airfoil. [9] [10] [11] Their morphing airfoil model is based on a prototype made by Pinkerton and Moses. 16 Static and dynamic morphing tests were conducted at angles of attack from 0° to 9° at low Reynolds numbers of 2.5·10 4 and 5·10
4
. Static morphing shows modest aerodynamic benefits with best increase of the L/D ratio of about 2%. However, dynamic morphing significantly reduces the size of flow separation therefore greatly increasing the L/D ratio. Bilgen et al. investigated the use of MFCs to change the wing camber for roll and pitch control of a remotely piloted micro-air-vehicle (MAV). 17 The MAV was flown successfully and demonstrated sufficient roll control in flight as well as in the wind tunnel. It survived numerous crashes proving the durability of MFCs. More recently Bilgen et al. investigated the use of MFCs to change the chamber of a symmetric airfoil. 18 Moses et al. studied MFC actuators as a means for reducing buffeting loads on a twin-tail fighter aircraft flying at high angles of attack. The main scope of this project is to explore the use of MFC actuators integrated to the upper skin of a wing for changing the shape of its upper surface to the degree required for tailoring the wing's performance. To some extent this work parallels those of Munday et al. However the actuators used in this case are more advanced. Also, their integration in the wing structure is simpler and requires negligible space and minimal weight which are very desirable characteristics for practical implementation in aircraft.
II. Experimental Setup
A prototype airfoil model has been fabricated for testing the feasibility of shape changes by MFC actuators, Fig.  2a ). Although not originally designed for aerodynamic testing, this model has also been used for preliminary windtunnel measurements of the aerodynamic effects of the shape changes. The geometry of the airfoil without MFC actuation is close to that of the NACA 4415 type. The model's chord c is 150 mm and its span s is 158 mm. The upper skin of the model is made of a 0.1 mm-thick stainless-steel foil to the inner side of which two MFC patches (Smart Material M-8557-P1) have been bonded, Fig. 2b ). When a positive voltage is applied to the MFCs the skin T deflects inward, whereas it deflects outward when a negative voltage is applied, Fig. 3 . The displacement causes the skin to have a small variation in the longitudinal direction which is accommodated by allowing it to slide in a thin pocket at the trailing edge.
The MFC actuators are driven by a Smart Material HVA 1500/50-2 high-voltage amplifier which is designed to supply a number of different piezo-actuators. This unit has a voltage gain of 200 V / V and a signal bandwidth from DC to 10 kHz depending on the load capacitance. It accepts input voltages in the range from -2.5 to 7.5 V which are amplified to values of -500V to 1500V, the voltage range of the MFC actuators.
The This unit can measure the forces and the moments along three perpendicular axes. We used two axes aligned with the longitudinal and normal directions of the wind tunnel to measure the drag and the lift forces generated by the model. The third axis, coinciding with the axis of rotation of the turntable and aligned in the spanwise direction, passed through the airfoil mid-chord point (c/2) and was used to measure the pitching moment. The range (and accuracy) of the measured forces and moment are 65 (±1/80) N and 5 (±8·10 -4 ) Nm, respectively. For each measurement, 2048 samples of the voltage signals of the forces and moment were acquired at 2 kHz, low-pass filtered at 10 Hz in order to remove the effect of small vibrations induced by the flow, and then converted to physical values before averaging. Based on the angle of attack, the pitching moment about c/4 was calculated from the corresponding values of the lift, drag, and pitching moment about c/2. The maximum error for these quantities is 5%.
Flow-field velocity measurements were obtained by using a two-velocity-component particle image velocimetry (PIV) system. The flow was uniformly seeded upstream of the wind-tunnel air intake with olive oil particles from a Dantec 10F03 seeding generator. Droplets were produced in the average size Sauter mean diameter (SMD) 2-5 μm whose reflections correspond to no more than 3 pixels in the captured images which allows a good resolution of the particle displacement when cross correlation methods are adopted. A dual-head Litron DualPower 200-15 Nd:YAG laser operating at the second harmonic (532 nm) at approximately 150 mJ per pulse was used in conjunction with sheet-forming optics to form a thin sheet (~ 1 mm) on the x-z plane passing through the centerline of the test section. The images were acquired using double frame mode by a 2048 × 2048 pixels HiSense 620 camera with a Zeiss 50 mm f/2.0 macro lens (216 × 216 mm field of view). The resulting resolution is approximately 105 μm per pixel. The camera viewed the streamwise laser sheet orthogonally over the entire field of view. To retain a good resolution of the flow particles close to the upper surface of the model, a 527 to 537 nm band-pass optical filter was placed in front of the lens whereas the surface of the model exposed to the laser sheet was sprayed with clear acrylic paint containing rhodamine 6G (which fluoresces close to 566 nm when excited by 532 nm light). A computer with dual Intel Core processors was used for data acquisition. The acquired frames were divided into 16 × 16 pixel interrogation windows which contain at least 3 seeding particles each. Based on the flow velocity and the size of the interrogation area, the time separation between the two laser flashes (double frame mode) was set at 26 μs such that the maximum displacement of a particle is no more than 25% of the interrogation size which is the optimum displacement for the Dantec software to calculate accurately the particle velocity. For each frame, subregions were adaptatively cross-correlated using multi-pass processing with a final 50% overlap that gives a final interrogation area of 8 × 8 pixels after processing. The resulting vector fields were post-processed to remove remaining spurious vectors. This arrangement gives a velocity vector grid of 255 × 255 points which translates to velocity vectors separated by about 0.84 mm over the field of view. For each acquisition 200 velocity-vector images were taken for statistical averaging at a trigger rate of 6 Hz.
III. Results
Figure 5 shows lateral-view pictures of the model changing the shape of the upper surface with static actuation in still air. Figure 5a) is the model without actuation which has a shape similar to the NACA 4415 airfoil. Figure 5b) shows the effect of actuation at the minimum voltage of -500 V which produces a maximum outward displacement of about 3 mm (corresponding to 0.02 c) close to c/2. Increasing the voltage to the maximum value of 1500 V, Fig.  5c ), produces a 5 mm inward displacement (corresponding to 0.03 c) at about the same location. Intermediate displacements between those of Figs. 5b) and 5c) are obtained for voltages between the minimum and maximum values above. In any case, little change of the shape of the upper surface is observed closer to the leading edge where the skin is rigidly connected to the model structure.
Wind-tunnel tests were performed at freestream velocities up to 20 m/s for values of the angle of attack ranging between -10° to 24°. In this range of velocities and angles of attack the upper skin of the model did not exhibit any vibration or anomalous deformation both without actuation and with actuation from the minimum to the maximum voltages. The response of the skin to actuation was comparable to that observed in still air. Figure 6 compares the lift and drag coefficients of the non-actuated model to those of the NACA 4415 airfoil measured by Jacobs and Pinkerton. 20 The data, obtained at U ∞ = 15 m/s for  ranging between -6° to 14°, are not corrected for the effects of tunnel blockage. Larger values of the angle of attack are not considered since these would be significantly affected by the blockage of the model (whose chord is comparable to the height of the windtunnel test section). At this velocity the Reynolds number based on the chord of the model is about 150,000 and thus the flow around the model is laminar. Our data compare reasonably well with the NACA data even if the shape of our model is not exactly the same as the one of the NACA 4415 airfoil and the flow regime of the NACA experiments is turbulent (Re c > 3·10 6 ). For the same conditions Fig. 7 compares the aerodynamic characteristics of the airfoil model without and with actuation. Since this model was originally designed to verify the feasibility of the shaping technique without any optimization of its aerodynamic shape, we did not expect to observe any performance increase with actuation. With maximum inward displacement the airfoil flattens and we would expect a lower lift coefficient. Consistently, Fig.   7a ) shows that actuation at 1500 V has a slightly lower lift coefficient than the non-actuated case for  < 0° and for  > 6°. We were hoping to observe the opposite with the maximum outward displacement, but the same figure indicates that the lift coefficient at -500 V is lower than the non-actuated case at least up to  = 8°. Above this angle the lift coefficient sharply increases and becomes comparable to that of the non-actuated model. A similar change is also observed for the drag coefficient at -500 V which increases with up to 8° after which it shifts to levels comparable to the non-actuated case, Fig. 7b ). This unusual feature was verified by repeating our measurements several times. On the contrary, the drag coefficient with inward displacement at 1500 V is somewhat lower than the non-actuated case up to  = 6° after which it becomes slightly higher. Figure 7c) shows the corresponding drag polars. Interestingly, for C L lower than 1 the inward displacement appears to offer a slight performance advantage by virtue of its lower drag over the non-actuated shape. However its performance rapidly degrades for larger values of C L . Thus the non-actuated shape or possibly a shape with a slight outward displacement should be used to maintain optimal performance with C L larger than 1. Figure 7d) shows the pitching moment coefficients about c/4. In the explored range of angles of attack the pitching moment with outward skin displacement is comparable to the nonactuated case but it exhibits a sudden change of values between  = 8° and 10° which corresponds to those observed for the lift and drag coefficient curves. In contrast, the moment with inward displacement is appreciably lower than the non-actuated case.
The data in Fig. 7 show that, in principle, the shaping of a surface by MFC actuators can be useful for tailoring the aerodynamic performance of an airfoil. In particular this technique could be very beneficial to broaden and stabilize the useful aerodynamic envelope of high-performance airfoils that quickly deteriorate their characteristics at off-design conditions (e.g. some Liebeck airfoils).
In order to clarify the unusual change between  = 8° and 10° for the coefficients obtained with actuation at -500 V, we used PIV to explore the flow fields above the model in these conditions. The results in Figs. 8 and 9 comprise two sets of data. The color fields represent the vorticity (perpendicular to the plane of measurements) which is clockwise for negative values and counterclockwise for positive values. Superimposed to these are arrows of the local velocity vectors shown every 7 vectors along the streamwise directions and every 5 along the normal direction. For these the modulus is square-rooted in order to magnify the size of the smaller vectors. The zerovelocity/vorticity area below the airfoil is not representative as this part of the field was not illuminated by the laser sheet. Similarly the thin, vertical vorticity bands below the airfoil's leading and trailing edges do not represent actual values of the vorticity but rather spurious values deriving from the velocity gradient between the illuminated and non-illuminated areas. Figure 8a ) reveals that the magnitude of the boundary-layer vorticity at  = 7.5° decreases more rapidly above the airfoil than at  = 10°, Fig 8b) . Furthermore it detaches from the trailing edge of the airfoil at  = 7.5° whereas it remains close to it at  = 10°. This is more clearly visible in Fig. 9 which is an enlargement of the flow field close to the trailing edge. The same figure also shows that in this area the velocity vectors at  = 7.5° are smaller and less orderly oriented than those at  = 10°. These findings suggest that an incipient flow separation may occur at the lower angle of attack. This appears consistent with the results from the balance measurements shown in Fig. 7 for the same conditions. Further investigation would be required to better understand the nature of this unexpected behavior, possibly resulting from larger vibration of the model at higher angles of attack.
Based on the experience with this initial model, new models will be designed to specifically test the benefit of changing the shape of airfoils by MFCs. First, baseline airfoils that have the potential of particularly benefit from this shaping technique will be selected. Then new models will be designed capable of displacing both the upper and the lower surfaces thus effectively producing a larger overall change of the airfoil shape. Finally, the models will be fabricated to allow significant shape changes starting closer to the leading edge (where the variations of the pressure coefficients and the effects on flow separation are typically larger).
IV. Conclusion
An airfoil model has been designed and constructed that has a flexible upper skin whose shape can be changed by macro fiber composite (MFC) actuators bonded to its inner side. These piezoelectric actuators are very thin, light, robust, and have low power consumption. In the design discussed they become an integral part of the upper skin of the model. Static actuation in still air at the minimum voltage of -500 V produces an outward displacement corresponding to 0.02 c whereas actuation at the maximum voltage of 1500 V produces an inward displacement corresponding to 0.03 c. Similar tests have been repeated in a wind tunnel at speeds up to 20 m/s and angles of attack up to 14°. In all cases the skin did not show any vibration or anomalous deformation and maintained a response to actuation comparable to that observed in still air. The aerodynamic characteristics of the airfoil have also been measured with a balance. The results obtained indicate that lower drag can be obtained for a given lift with deformation of the airfoil at some angles of attack. In other cases a lower pitching moment can be achieved. These results, obtained with a model not designed for optimizing the aerodynamic shape, suggest that the shaping of a surface by MFC actuators can be useful for tailoring the aerodynamic performance of an airfoil. In particular, this technique could be very beneficial to broaden and stabilize the useful aerodynamic-envelope characteristics of highperformance airfoils that quickly deteriorate at off-design conditions. Based on the experience with this initial model, new models will be designed to specifically test the aerodynamic benefits of changing the shape of airfoils by MFCs. 
